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Maedi–Visna virusLactogenic transmission plays an important role in the biology of lentiviruses such as HIV and SIV or the small
ruminant lentiviruses (SRLV). In thisworkweanalyzed the characteristics of viruses that goats, naturally infected
with two strains of SRLV, transmitted to their kids. The spectrum of viral genotypes transmittedwas broader and
the efﬁciency of transmission greater compared to their human and simian counterparts. The newly described
A10 subgroup of SRLVwasmore efﬁciently transmitted than the B1 genotype. The analysis of a particular stretch
of the envelope glycoprotein encompassing a potential neutralizing epitope revealed that, as in SIV, the
transmitted viruses were positively charged in this region, but, in contrast to SIV, they tended to lack a
glycosylation site that might protect against antibody neutralization. We conclude that the physiology of the
ruminant neonatal intestine, which permits the adsorption of infected maternal cells, shaped the evolution of
these particular lentiviruses that represent a valid model of lactogenic lentivirus transmission.athology, Hygiene and Public
o, Italy. Fax: +39 0250318079.
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Lactogenic transmission plays a pivotal role in the biology of
different lentiviruses, such as HIV, SIV and in particular the small
ruminant lentiviruses (SRLV), Maedi–Visna virus (MVV) and caprine
arthritis encephalitis virus (CAEV). Breast milk transmission of HIV is a
crucial problem, especially in developing countries, where about one
third ofmother to child infections are attributed to lactogenic infections
(Nduati et al., 2000). Comprehensive analyses of HIV genotypes
transmitted from mothers to infants are difﬁcult to perform due to
ethical and biological barriers. Several confounding factors such as the
use of antiviral agents, the difﬁculties of deﬁning the exact time of
infection and the complexity of the transmission pathways involved, for
instance intrauterine, peripartal and lactogenic infections, inﬂuence
these studies. Animal models may supply important information on the
biology of lactogenic transmission, permitting the design of strategies
aimed at preventing this form of lentivirus infections. SRLV may be a
model particularly suited to this type of investigations. Indeed,lactogenic transmission is considered to be the principal way of
infection for SRLV in goats that guarantees an efﬁcient passage of the
virus from one generation to the next. The situation may be different in
sheep, where lung pathology is more prominent, potentially favoring
horizontal transmission as an efﬁcient way of infection (Alvarez et al.,
2005, 2006). SRLV cause persistent infections that, in about one third of
the animals, progress to induce inﬂammatory and degenerative
pathological processes in their target organs, for instance themammary
gland, the carpal joints, the central nervous system and the lungs
(Bertoni and Blacklaws, 2010). In contrast to the immunodeﬁciency
inducing lentiviruses, SRLV do not affect the T cell compartment and
have only a limited inﬂuence on the quality of the immune response of
infected animals that remain immunocompetent. Intrauterine infec-
tionsare considered rare events in goats and thehorizontal spreadof the
virus can be controlled by separating the infected animals. The strategic
choice of SRLV to target the mammary gland permits an efﬁcient
transmission of these viruses to the next generation and thus their
persistence at the population level. The great permeability of the gut of
newborn lambs facilitates the entry of the virus via ingestion of infected
colostrum (Pépin et al., 1998). Artiﬁcial rearing of colostrum-deprived
lambs considerably reduces MVV seroprevalence in infected ﬂocks,
conﬁrming the key role of colostrum feeding in viral transmission
(Houwers et al., 1983).
In a previous study we demonstrated a compartmentalization of
SRLV between colostrum and blood in infected goats. Extensive genetic
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and blood revealed distinct patterns of distribution of viral populations.
The aim of the present study is to analyze the viral variants in colostrum
of left and right udder of goats naturally infected with both Caprine-
arthritis Encephalitis Virus (CAEV belonging to SRLV group B) and
Maedi–Visna Virus (MVV belonging to SRLV group A) and the viral
variants selectively transmitted to the kids ingesting the infected
colostrum.
Results
SRLV infection in goats
Semi-nested PCR targeting fragment of pol and env genes yielded
positive results on DNA extracted from peripheral bloodmononuclear
cells (PBMC) and colostrum somatic cells (CSC) of all goats involved in
this study. By contrast, RT-PCR ampliﬁcation on RNA was positive for
CSC and whey (except for whey from goats #976 and #1008), but
negative on RNA from PBMC and plasma.
Five to ten pol clones from PBMC of each 8 goats were sequenced.
Phylogenetic analysis of 353 bp fragment, corresponding to the RT
region of pol gene, conﬁrmed the presence of co-infection in selected
goats. The viral variants involved are CAEV-like sequences belonging to
SRLV subgroup B1 andMVV-like sequences that do not belong to any of
the SRLV subgroups A1 to A7 described in Shah et al. (2004), but to a
cluster, supported by an 88% bootstrap value that we tentatively deﬁned
as A10 (Fig. 1). Particularly, goat #988 turned out to be infected by two
distinct viral strains belonging to the same cluster A10 and supported by
a 100% bootstrap value, with a mean nucleotide distance of 9.5%.
Sequence comparison in the pol gene revealed that the mean
percentages of divergence of the proposed A10 subgroup compared toFig. 1. Phylogenetic relationship of lentiviruses isolated in colostrum from eight goats
based on the analysis of a fragment encompassing the RT region of the pol gene. The
unrooted tree was constructed by the neighbor-joining method with bootstrap values
based on 1000 repetitions. SRLV isolates of the present investigation, denoted by grey
areas, are shown with available database sequences originating from different geograph-
ical areas (Brazil, France, Iceland,Norway, South Africa andUnited States). Sequences from
the present study are labeled with goat number and acronym of the SRLV involved.
Database derived sequences are denoted with their GenBank accession number. Tree
clusters are labeled according to the classiﬁcation based on subgroups A1–A7, B1, B2 and C
(Shah et al., 2004) and the newly described subgroup A10.the A1, A2, A3, A4, A5, A6 and A7 subgroups were 16.1%, 17.8%, 18.1%,
17.5%, 16.5%, 19.5% and 18.8%, respectively (Shah et al., 2004), i.e. above
the threshold of 15% divergence set by these authors to deﬁne a
subgroup. Grego et al. (2007) deﬁned the new SRLV subgroups A8 and
A9basedongag sequencing. Since these sequenceswerenot comparable
with the ones found in this study, the new subgroupwas deﬁned as A10.
Furthermore, we analyzed a 610-bp fragment, corresponding to
the V4–V5 region of SU and the N-terminal stretch of the
transmembrane portion of the SRLV env gene, expressed in the CSC
of 8 dairy goats naturally infected with SRLV group A and B strains. As
described before, we employed a combination of limiting dilution and
end-point RT-PCR and PCRs, followed by cloning and sequencing in
order to exclude the re-sampling of viral and proviral sequences that
is known to occur during these PCR-cloning–sequencing procedures
(Liu et al., 1996).
Env consensus sequences of each cluster of viruses infecting goats
were used to design speciﬁc primers for real-time quantitation of both
the SRLV subgroups A10 and B1 in colostrum (Table 1). Proviral and
viral loads in colostrum of each goat are shown in Table 2.
Proviral and viral loads in colostrum from the right and left udder
were similar. Mean proviral loads were 2.5×103copies/μg and
2.4×103copies/μg, for the right and left udder, respectively, while
mean viral loads in CSC was 4.9×103copies/μg and 4.4×103copies/μg
for the right and left udder, respectively. Viral loads of cell-free virus
were lower compared to CSC viral loads with a mean of 0.21 and
0.31×103copies/ml, in the right and left udder, respectively. Goats
#976 and #1008 had no detectable viral load in colostrum whey for
both the SRLV subgroups A10 and B1 (Table 2) and showed the lowest
proviral and viral load in CSC with a mean value of 0.7×103copies/μg
and 0.1×103copies/μg, respectively.
The mean proviral and viral load in CSC of SRLV subgroup A10 was
2.7 and 5.5×103 copies/μg, while for SRLV subgroup B1 it was 2 and
3.4×103 copies/μg, respectively; the mean viral load in whey of SRLV
subgroups A10 and B1 were 0.26 and 0.28×103 copies/ml, respec-
tively. No signiﬁcant differences were observed between viral and
proviral load of both strains, A10 and B1.
Ten to ﬁfteen env clones from each half udder CSC RNA of 6
selected goats (except for the two goats #976 and #1008 that did not
transmit the virus to the kids) were sequenced.
Phylogenetic analysis of sequences from CSC virus conﬁrmed the
presence of two different clusters with sequencesmore closely related
to SRLV group B strains and SRLV group A strains in all goats except
goat #988, where sequences divided in two clusters, both closely
related to SRLV group A strains, as observed with pol phylogeny. A
recombinant virus containing both group A and B sequences in its env
sequence was also detected in the blood and colostrum of goat #12
(Pisoni et al., 2007a).Table 1
List of primers used in this study.
Primer Sequence Gene Regiona Length
#408 F ACDSAAGARAAATTARARGG pol 2236–2255 476 bp
#409 F GGRAARTGGAGRATGTTAATAG pol 2359–2380 353 bp
#410 R ATCATCCATRTATATBCCAAATTG pol 2712–2689
#563 F GAYATGRYRGARCAYATGAC env 7272–7291 817 bp
#567 F GGIACIAAIACWAATTGGAC env 7482–7501 607 bp
#564 R GCYAYATGCTGIACCATGGCATA env 8089–8067
988If F TTGGTCATAGTGCTTGCTATC env 7917–7937 132 bp
988Ir R CTGCTGAGCCGCAGTTGCA env 8049–8030
988IIf F ATTATGTGGAACTACAAAGGG env 7843–7863 83 bp
988IIr R ACACTATAACCAGGCCAATCT env 7929–7909
CAEVf F AAAGGAGATCTCAGCCACAA env 7888–7906 108 bp
CAEV1012f F AGAAAAGAAAGCCACAAGAG env 7885–7904 105 bp
CAEVr R CATTTGCGACTCCCAGAGAT env 7983–7964
MVVf F AAGCGGGAATTAAAGCTATC env 7888–7906 108 bp
MVVr R CATTTGCTACCCCGAGTCCA env 7964–7983
a Base pair positions refer to the CAEV-CO molecular clone (M33677).
Table 2
Proviral loads (×103 copies/μg) in colostrum somatic cells and viral loads in colostrum somatic cells and colostrum whey (×103 copies/μg and ×103 copies/ml, respectively) from
left and right udder of co-infected mothers at time of parturition.
Proviral Viral
CSC CSC Whey
Dam SRLV subgroup Right udder Left udder Right udder Left udder Right udder Left udder
#12 B1 2.7±0.06 1.5±0.05 3.9±0.02 2.1±0.31 – –
A10 1.8±0.17 1.2±0.27 3.5±0.48 1.9±0.16 0.11±0.28 0.21±0.37
#976 B1 0.74±0.07 – 0.03±0.02 – – –
A10 0.46±0.06 1.14±0.06 – – – –
#978 B1 1.60±0.03 1.44±0.06 – 6.77±0.08 – 0.38±0.01
A10 2.69±0.03 6.10±0.05 5.33±0.06 4.47±0.06 0.19±0.01 0.29±0.01
#988 A10 4.70±0.08 3.49±0.03 10.79±0.07 11.37±0.55 0.06±0.01 0.11±0.02
A10II 5.05±0.05 2.80±0.03 0.51±0.4 9.25±0.06 – 0.18±0.01
#995 B1 5.82±0.03 2.14±0.04 3.09±0.02 5.49±0.04 0.26±0.02 –
A10 0.62±0.03 2.05±0.05 – 2.70±0.05 – 0.40±0.02
#1008 B1 0.33±0.07 0.73±0.16 0.24±0.14 0.02±0.02 – –
A10 0.67±0.05 0.85±0.06 – – – –
#1010 B1 2.70±0.07 0.84±0.03 12.10±0.1 2.22±0.03 0.12±0.01 –
A10 3.51±0.04 5.54±0.06 7.67±0.06 1.34±0.06 – 0.59±0.05
#1012 B1 1.87±0.03 3.61±0.04 2.89±0.11 1.42±0.09 – 0.34±0.02
A10 4.69±0.04 1.90±0.02 9.36±0.08 3.61±0.14 0.49±0.01 –
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mean nucleotide variability of 0.8±0.5% (ranging from 0.3% to 1.4%),
while intra-host mean nucleotide variability within the cluster of env
sequences belonging to SRLV subgroupA10 strains,was 1±0.4% (ranging
from 0.6% to 1.7%). The mean nucleotide distance between SRLV
subgroups A10 and B1 env sequences from each goat ranged from 25 to
28.3%, conﬁrming the clustering observed with phylogenetic analysis.
SRLV infection in kids
The goats gave birth to eleven kids (Table 3) that suckled
colostrum from their corresponding mothers for 24 h and were then
separated in different boxes to avoid any contact with other goats.
Serological analysis of kids revealed the presence of maternal
antibodies against SRLV at 24 h after birth thus conﬁrming the uptake
of colostrum. The kidsweremonitored for 6 months with semi-nested
PCR and subsequently with real-time PCR to detect SRLV infection and
quantitate PBMC proviral load (Table 3). Six dams transmitted SRLV
infection to their kids via colostrum. As shown in Table 3, proviruswasTable 3
Blood proviral load (copies/μg of genomic DNA) in kids fed colostrum from co-infected mo
Proviral PBMC
Dam Kid Sex SRLV 1mo 2mo
#12 #01 F B1 – –
A10 – –
#976 #049 F B1 – –
A10 – –
#978 #056 M B1 – –
A10 – –
#988 #036 M A10 – –
A10II 231±6 516±12.1
#037 M A10 – –
A10II – –
#995 #039 M B1 – –
A10 – 320±5.3
#040 F B1 – 517±10.7
A10 – 115±8
#1008 #045 F B1 – –
A10 – –
#1010 #041 M B1 – –
A10 – 241±9.6
#042 M B1 – –
A10 – 191±7
#1012 #051 F B1 – –
A10 – –detected in the PBMC of 9 out of 11 kids at different time points after
birth. The kids #045 and #049 remained negative throughout the
period and neither those kids nor their dams were included in the
phylogenetic analysis.
Despite the fact that all infected kidswere fed colostrum fromdouble-
infected mothers, only kid #040 turned out to be co-infected with both
viral strains. In fact, the kids #01, #039, #041, #042 and #056 carried the
SRLV subgroup A10, the kids #036 and #037 were infected with SRLV
subgroup A10II, kid #051 carried subgroup B1 and only kid #040 was
infected with both viral strains, B1 and A10. Mean intra-host nucleotide
variability was 1.4±0.5% (ranging from 0.5 to 2.3%) and 1.6±0.5%
(ranging from 0.6 to 2.5%) for SRLV subgroup A10 and B1, respectively.
Phylogenetic analysis of transmitted sequences
Viral genotypes expressed in CSC at parturition were compared by
phylogeny to sequences found in kids when SRLV proviral genomes
were ﬁrst detected in PBMC. Sequences derived from a given goat and
the corresponding kid(s) consistently clustered together, excludingthers during a 6-month follow-up.
3mo 4mo 5mo 6mo
– – – –
– 378±7.9 125±28.7 265±38.1
– – – –
– – – –
– – – –
611±8.1 525±8.5 478±5 792±14.6
– – – –
861±9.1 1417±5.5 1151±25.5 2832±51.2
– – – –
– – – 468±10.1
– – – –
- 282±5.9 540±8.2 610±9.5
462±5.1 414±3.5 408±4.7 291±6.8
71±18.6 – – 232±10.6
– – – –
– – – –
– – – –
65±8.6 48±4 357±5.5 776±8.1
– – – –
32±13.6 51±11.4 208±6.7 815±6.6
– – 563±4 442±10.3
– – – –
Fig. 2. (A, B, C) Phylogenetic trees of envelope clones derived from the PBMC of kids
when SRLV proviral genomes were ﬁrst detected and from CSC RNA of respective goats,
constructed with the neighbour-joining method. Trees are representative for goats
#012 and #978 (2A), #988 and #995 (2B), #1010 and #1012 (2C) and corresponding
kids #01, #056, #036, #037, #039, #040, #041, #042 and #051, respectively. Sequence
clusters are represented in phylogenetic trees with A10 for MVV-like sequences
belonging to SRLV subgroup A10 and B1 for CAEV-like sequences belonging to SRLV
subgroup B1. Bootstrap values of key branch nodes are indicated (1000 data sets). Full
circle represents right udder colostrum-derived viral sequences, open circle represents
left udder colostrum-derived viral sequences; full triangle (#01, #036, #039, #041,
#051 and #056) and open triangle (#037, #040 and #042) represent kid blood proviral
sequences.
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animals (supported by 100% of the bootstrap samples).
Figs. 2A–C present the neighbor-joining phylogenetic trees for the
six mother–kid pairs. Phylogenetic analysis conﬁrmed the presence of
two clusters of sequences belonging to SRLV subgroups B1 and A10 in
CSC of all mothers. By contrast, with the exception of kid #40, the kids
were infected with only one viral strain.
The measurement of the viral load by real-time PCR revealed the
presence of the B1 strain in both udder halves of goats #12, #988 and
#1012, whereas by phylogenetic analysis the B1 sequences were
detected only in the left udder half. This apparent contradiction may
be explained by the method used for the phylogenetic analysis. As
mentioned in Materials and methods, the amplicons used for
sequencing were obtained by limiting-dilution PCR and minor
variants may be missed in this type of analysis, especially when
limiting the sequence analysis to 10–15 clones.
The sequences in all mother–kid pairs showed a substantial
genetic variability. Sequences from kids #01, #037, #039 and #056
were grouped in a single cluster, whereas the sequences from all the
other kids were intermingled with those of the mothers.
Transmission of selected variant via colostrum
Viral sequences expressed in CSC at the moment of kid feeding
were compared to the sequences found in the kids. Mean nucleotide
divergences between kid proviral sequences and the virus sequences
in the mother's CSC are shown in Table 4. Nucleotide and aminoacid
divergences betweenmother and kid sequences were similar for SRLV
subgroup A10, while for SRLV subgroup B1 sequences we observed
the greater divergence (2.5% and 4%, at nucleotide and aminoacid
level, respectively) for goat #995 and kid #040 pair and the lower
divergence (0.6% and 1.1%, at nucleotide and aminoacid level,
respectively) for goat #1012 and kid #051 pair (Pb0.001, with the
non-parametric Mann–Whitney U test).
To characterize transmitted and not-transmitted viruses we
analyzed a particular region of the env gene (bp7572–7712; aa521–
567 referring to the CAEV-CO strain, Saltarelli et al., 1990) encom-
passing a hypervariable region (HV2) involved in type-speciﬁc
neutralization of SRLV (Skraban et al., 1999). The two cysteines
(C530 and C543, referring to CAEV-CO strain, Saltarelli et al., 1990;
C569 and C582 referring to MVV-K1514) putatively involved in
disulﬁde bonding and in the formation of the V4 loop (Skraban et al.,
1999) were perfectly conserved in all sequenced clones.
Sixty-four genotypes (Figs. 3A and B) have been detected in
colostrum of virus transmitting mothers (19 belonging to SRLV
subgroup B1 and 45 to SRLV subgroup A10), while forty-two different
HV2 genotypes have been detected in infected kids (6 belonging to
SRLV subgroup B1 and 36 to SRLV subgroup A10). The distribution of
the SRLV subgroups B1 and A10 genotypes in the mother's colostrumTable 4
Mean and range of nucleotide and aminoacid distance (%) between kid proviral sequences
(PBMC DNA-derived sequences) andmother viral sequences (CSC RNA-derived sequences).
Nucleotide Aminoacid
Dam Kid SRLV Mean Range Mean Range
#12 #01 A10 2.1±0.4 1.3–3.1 2±0.4 1.1–4.3
#978 #056 A10 1.2±0.3 0.5–1.8 2.9±0.9 1.5–5
#988 #036 A10II 1±0.2 0.2–2.4 1.2±0.4 0.5–2.5
#037 A10II 1.6±0.4 1–2.5 2.5±0.9 1.5–4
#995 #039 A10 1.8±0.4 0.3–1.3 2.2±0.7 1–4
#040 B1 2.5±0.4 0.3–4.3 4±0.9 0–7
A10 1.6±0.3 0.7–2.7 2.8±0.8 1–4
#1010 #041 A10 1.9±0.4 0.8–3 3.2±0.9 1–4.5
#042 A10 2.1±0.4 1–2.8 3.4±0.9 1–5
#1012 #051 B1 0.6±0.2 0–1.2 1.1±0.5 0–2
Fig. 4. Comparison of transmitted and not transmitted genotypes. Genotypes transmitted
to the kids were compared to genotypes expressed in CSC that were not transmitted to
evaluate the number of potential N-linked glycosylation sites of the env region
encompassing the HV2 region and comprising an important neutralizing epitope.
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subgroup A10 in the kids was signiﬁcantly more efﬁcient than
genotype B1 (Pb0.015; Fisher's Exact Test).
Five kids (#036, #037, #39, #051 and #056) were infected with a
maximum of three genotypes while the other kids were infected with
four or more genotypes. The kid #41 was infected with 10 different
genotypes. Five out of six virus transmitting mothers expressed
among the viral population in colostrum some viral genotypes that
were identical to the sequences detected in corresponding kids. In six
kids we found viral genotypes not expressed in the colostrum of the
corresponding mother.
Analysis of the number of potential N-linked glycosylation sites of
the V4 region of SRLV subgroup A10 and B1 strains from three goats
(#012, #978 and 988) and their corresponding kids (#01, #056, #036
and #037) contains ﬁve conserved N-linked glycosylation sites NX[ST]
at position 495, 505, 511, 529 and 536 (numbered according to the
amino acid sequence of the CAEV-CO strain) in all sequences fromboth
mothers and kids, except for kids #036 and #037 sequenceswhere the
N-linked glycosylation site at position 536 was missing even in some
sequences from the respective mother. Goats #1010 and #1012 and
their corresponding kids were characterized by one additional
conserved N-linked glycosylation site at position 549, while goat
#995 and some sequences from the corresponding kid #040 had two
more N-linked glycosylation sites at position 517 and 549. Then, we
compared the number of potential N-linked glycosylation sites
between transmitted and not transmitted genotypes by the Wilcoxon
rank-sum test (N-glycosite tool, Zhang et al., 2004) and the analysis
revealed that non-transmitted sequences showed more frequently an
additional potential N-linked glycosylation site than those transmitted
did (Pb0.05) (Fig. 4).
Furthermore, the net charge value of the hypervariable region of all
genotypes ranged from 0 to 8 (3.5±1.9). The net charge value was in a
range from 0 to 7 (3.9±1.7) for transmitted genotypes and in a range
from 0 to 8 (2.8±1.9) for not transmitted ones. Overall, the net charge
value of transmitted genotypes was signiﬁcantly greater than that in the
not transmitted virus (P=0.001) (Fig. 5). Therefore, genotypes belongingFig. 3. (A, B) Deduced aminoacid sequences of the env region encompassing the HV2
region and comprising an important neutralizing epitope of viral genotypes expressed
in maternal CSC and in the PBMC of infected kids. Sequences belonging to SRLV
subgroup B1 and A10 are deﬁned. Sequences are divided into transmitted sequences
(b5% aminoacid divergence), transmitted sequences not detected in colostrum and not
transmitted sequences (N5% aminoacid divergence). The numbers in parentheses
represent the number of clones with identical sequence. Dots indicate identity and
dashes indicate deletions. In the ﬁrst sequence, the two linear epitopes described by
Skraban et al. (1999) are indicated by dark-shaded boxes; the potential Asn-X-Ser/Thr
glycosylation site and the two conserved cysteines are indicated by a light-shaded box
and by empty boxes, respectively.
Fig. 5. Comparison of transmitted and not transmitted genotypes. Genotypes transmitted
to the kids were compared to genotypes expressed in CSC that were not transmitted to
evaluate the net charge of the env region encompassing theHV2 region and comprising an
important neutralizing epitope.
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positive charge were more likely to be transmitted from mother to kids
via colostrum.
Discussion
We analyzed the lactogenic transmission of SRLV from mothers to
kids in goats naturally co-infectedwith two SRLV genotypes B1 andA10,
the latter being a newly described subgroup. The new subgroup was
named A10 according to the nomenclature proposed by Shah et al.
(2004) (A1 to A7) and taking into account the report on the novel
subgroups A8–9 by Grego et al. (2007). Phylogenetic analysis of the
transmitted genotypes showed that the sequences of these viruseswere
intermingled with those detected in the mammary gland of the
mothers. This indicates that a primary, lactogenic infection with SRLV
permits the passage of several viral genotypes between the chronically
infected mothers and their kids, a situation reminiscent of the
transmission of SIV in acutely infected, lactating monkeys and of some
instances of HIV transmission in breastfeeding mothers (Rychert et al.,
2006; Briant et al., 1995; Lamers et al., 1994; Mulder-Kampinga et al.,
1995; Pasquier et al., 1998; Wade et al., 1998). By contrast, during the
chronic phase of infection, lactating monkeys experimentally infected
withSIV transmit a tightly restricted spectrumofviral genotypes to their
progeny, a situation also described for HIV infected, breastfeeding
mothers (Rychert et al., 2006; Ahmad et al., 1995; Blish et al., 2007;
Dickover et al., 2001; Kampinga et al., 1997; Kliks et al., 2000;
Verhofstede et al., 2003; Wolinsky et al., 1992; Wu et al., 2006). This
difference in the width of the virus genotype spectrum transmitted
between primates and small ruminants may be due to the particular
physiology of the digestive tract of ruminants that permits the passage
of intact macromolecules such as antibody or even maternal cells
between the intestinal lumen and the blood during the ﬁrst 24 h after
birth. Intact viral particles or infected cells may exploit this window of
opportunity to enter the circulation unhindered and thereby efﬁciently
infect the kids. It has been demonstrated that free virus passes from
intestinal epithelial cells to macrophages in the lamina propria of
intestinal villi and to Peyers' patches, and then, probably via the
lymphatic system, to the mesenteric lymph nodes (Preziuso et al.,
2004). Additionally, colostral leukocytes have been shown to be
absorbed by the neonatal intestine and transported to the mesenteric
lymph nodes via the lymphatic vessel (Schnorr and Pearson, 1984).The
successful infection of 9 out of 11 kids in spite of the relatively low viral
load in colostral cells and whey strongly suggests that the lactogenic
transmission of SRLV is more efﬁcient than that of HIV or SIV. Indeed, a
study conducted with experimentally infected monkeys indicated that
for SIV a viral load of at least 500 copies per ml milk is necessary to
permit an efﬁcient lactogenic transmission, while in our experiment 5out of the 6 virus transmitting goats had lower viral loads in their whey,
and in one case (goat #988) a viral load of 180 copies genomic RNA per
mlwas sufﬁcient to transmit the virus. Alternative infection routes, such
as airborne infection, are very inefﬁcient and unlikely to play a role in
our experiment because all of the kids were separated from their
mothers 24 h after delivery. Moreover, intrauterine and peripartal
transmissions of SRLV are considered to be rare events, as empirically
demonstrated by the success of several SRLV eradication campaigns
based on the postnatal separation of kids from their mothers combined
with rearing with artiﬁcial colostrum. It is therefore not surprising that,
in order to persist in an infected population, SRLV evolved to optimize
the efﬁciency of lactogenic transmission.
In spite of the efﬁcient transmission of several viral genotypes from
mother to kids, the transmitted viruses showed particular character-
istics already described in the context of SIV infections. Indeed, the
analysis of the env region encompassing the HV2 region and comprising
an important neutralizing epitope revealed that the transmitted viral
genotypes tended to lack one glycosylation site and had a higher
positive charge in this region compared to non-transmitted genotypes
(Figs. 4 and 5). This may explain why minor variants that were not
detected in the colostrumof themothers successfully infected their kids,
while other genotypes, relatively abundant in CSC and whey, did not
infect the progeny or did not replicate above the sensitivity threshold of
our assays.
The lack of one glycosylation site close to a neutralizing epitope, in
the majority of transmitted SRLV genotypes, contrasts with the more
abundant glycosylation of a similar site described for transmitted SIV
genotypes (Rychert et al., 2006). This may be due to the importance of
free viruses and neutralizing antibody in SIV transmission that favor
viruses able to mask their neutralizing epitopes. By contrast, in SRLV
free virus transmission may play a subordinate role. The cell to cell
spread of virus initiated by the adsorbed infectedmaternal cells might
be responsible for the efﬁcient infection of the kids.
Themammarygland is a complexorganandparticular viral genotypes
may bewell suited to infect and replicate in tissue-speciﬁc cell types such
as mammary epithelial cells (Lerondelle et al., 1999; Mselli-Lakhal et al.,
1999). In fact, in a previous study we demonstrated a compartmental-
ization of viral genotypes between peripheral blood and the mammary
gland, suggesting a parallel evolution of viral variants, following the
inﬁltration of the mammary gland with a “founder virus” (Pisoni et al.,
2007b). The analysis of colostrum derived sequences revealed a great
nucleotide and aminoacid variability in both SRLV groups A and B,
showing that multiple viral variants are distributed in mammary tissues
and in colostrum somatic cells. The cloning–sequencing approach
followed in this studypermitsus to study themost represented sequences
in a sample but minor or less represented viral variants are frequently
missed. Thoughwe conﬁrmed the presence of co-infection in all the goats
involved in this study and the presence of both SRLV group A and B in
colostrum, only one kid (#040) was co-infected. The other kids were
infected exclusively with one particular SRLV genotype. Successful
transmission did not correlate with the viral load in the mammary
gland. It is noteworthy, however, that the only two mothers that did not
transmit the virus showed the lowest viral load in CSC andwere the only
animals without any detectable viral RNA in colostrumwhey, suggesting
that aminimal viral load threshold, lower than in SIV,may be required for
the successful lactogenic transmission of SRLV. Our experimental setup
with animals co-infectedwith two strains of SRLVpermittedus todirectly
compare the efﬁciency of transmission of the B1 and A10 subgroups. The
A10 genotype, the only subgroup transmitted in 4 out of 6 mothers, was
found tobe signiﬁcantlymore efﬁciently transmitted. In onlyone instance
the B1 genotype, which encompasses the prototypic CAEV strain CAEV-
CO, was the only genotype transmitted. The genotype A is considered to
originate from sheep and to have entered the goat population after
crossing the species barrier between the two species. In this context the
fact that the A10 subgroup was transmitted more efﬁciently than the
supposedly goat-speciﬁc B1 genotype suggests that in co-infected ﬂocks
97G. Pisoni et al. / Virology 407 (2010) 91–99this virus may eventually replace the original B genotype. To test this
hypothesiswewill followthemolecular epidemiological developments in
the original ﬂocks, using the strain speciﬁc tools described in this work.
In conclusion we report the ﬁrst genetic analysis of SRLV
transmitted between naturally infected goats and their progeny. The
results strongly suggest that lactogenic transmission of lentiviruses is
more efﬁcient in small ruminants than it is in primates. Yet, a highly
variable region of the Env of transmitted SRLV shared similar
physicochemical properties with the Env of efﬁciently transmitted
primate lentiviruses, conﬁrming that the lactogenic transmission of
SRLV is a valid natural model of lentivirus transmission.
Materials and methods
Animals
This study involved Saanen goats from a commercial dairy farm
with a seroprevalence for SRLV infection of 90%. Animals were
sampled for serological andmolecular diagnosis of SRLV infection. The
Elisa test was performed with the Pourquier kit (Institut Pourquier,
Montpellier, France), the molecular characterization was done with
PCR ampliﬁcation as previously described (Pisoni et al., 2005). Eight
animals aged 3 to 5 years and characterized by co-infection with SRLV
groups A and B (Pisoni et al., 2007a) were selected for the experiment.
In September, estrous cycles were synchronized by insertion of
intravaginal sponges containing ﬂuorogestone acetate (FGA; 45 mg;
Chronogest®, Intervet, Italy) for 11 days, followed by the adminis-
tration of a PGF2α analogue (7.5 mg, i.m.; Prosolvin®, Intervet) and
eCG (250 IU, i.m.; Folligon®, Intervet) at the time of sponge removal.
Subsequently, each goat was mated at 12-h intervals throughout the
estrous period. Afterwards, the bucks were separated separately from
the goats to prevent further fertilizations. In order to calculate the
gestational age the last day of estrous was considered to be Day 0 of
pregnancy. After delivery, dams were kept separate with their
corresponding kids and blood and serum samples were collected
from each goat. At the same time colostrum samples (milk secretion
during the ﬁrst 24 hours after delivery) were collected for somatic
cells and whey isolation. The kids were left with their mothers for
colostrum uptake for 24 h, then they were removed and kept in
separate boxes and fed with kid milk replacement. Blood and serum
samples were collected from the kids within 24 h after colostrum
ingestion and thereafter once a month until the kids were 6 months
old. After colostrum ingestion, the kids had no contact with other
goats and kids for the subsequent 6 months.
Blood and colostrum samples
Nine ml of blood were collected from each animal in vacutainers
without anticoagulant for serum separation. Fifty ml of blood from
each goat and 10 ml of blood from each kid were collected in 2 mM
EDTA vacutainers. Peripheral blood mononuclear cells (PBMCs) were
isolated from blood samples and puriﬁed by centrifugation through
Ficoll-Paque Plus (GE Healthcare Europe GmbH, Milan Italy) as
previously described (Pisoni et al., 2007b). One hundred ml of
colostrum were collected from both udder halves of each goat after
delivery in separate sterile tubes. Colostrum somatic cells (CSC) were
obtained after dilution of 1:2 or 1:4 in sterile PBS and centrifugation at
4 °C, 800g for 15 min. The lipid layer was discarded, and the clear
supernatant (whey) was aspirated into a separate tube. The cells
collected as pellets were washed twice with PBS.
Serological analysis
Serawere testedwitha commercially available assay (Checkit CAEV/
MVV®ELISA, Idexx Laboratories, Liebefeld, Switzerland) based on a
monophasic whole virus ELISA (Zanoni et al., 1994) used according tothe manufacturer's protocol. The results were conﬁrmed by Western
Blot as described previously (Zanoni et al., 1989).
Brieﬂy, puriﬁed whole virus antigen was separated on 12%
polyacrylamide gels and transferred to nitrocellulose. The membranes
were blocked with fat-free milk (5% w/v) in TBT-buffer (0.01 M Tris–
HCl, 0.15 MNaCl, 0.05% Tween-20, pH 8.0). Serum sampleswere diluted
1:100 in the same buffer and incubated at room temperature with
constant shaking. Alkaline phosphatase-conjugated recombinant pro-
tein G (Zymed, San Francisco, USA), 1.0 mg/ml Fast-Red (Sigma, St.
Louis, MS, USA) and 0.5 mg/ml Naphtol AS-MX phosphate (Sigma, St.
Louis, MS, USA) in 0.1 M Tris–HCl, pH 8.0 were used as conjugate and
chromogen solutions, respectively. Each incubation stepwas followedby
thorough washing. A weak positive and a negative control serum were
run in parallel.
DNA and RNA extraction
DNAwas extracted from PBMC and CSC pellets containing≤5×106
cells using commercial silica-gel spin-columns selective for genomic
DNA (QIAamp DNA Blood Mini Kit; Qiagen, Milan, Italy), according to
themanufacturer's instructions. RNAwas extracted fromPBMC and CSC
pellets containing ≤107 cells, from blood plasma (1 ml) and colostrum
whey (1 ml) using TRIZOL reagent (Invitrogen, Milan, Italy). One
microgramof eachRNAsample fromPBMCandCSC and5 μl of eachRNA
sample from blood plasma and colostrum whey were immediately
retro-transcribed using SuperScript III RNase H-free RT (Invitrogen,
Milan, Italy).
PCRs and cloning of PCR fragments
Genomic DNAs from PBMC and CSC were used in semi-nested PCRs
to amplify a fragment of the pol gene in order to characterize the SRLV
group infecting the goats in this study. For the ﬁrst round of PCR the
primers #408 (2236–2255 bp of CAEV-CO, M33677) 5'-ACD SAA GAR
AAA TTA RAR GG-3' and #410 (2712–2689) 5'-ATC ATC CAT RTA TAT
BCC AAA TTG-3' were used, resulting in the ampliﬁcation of a 476-bp
fragment. The second step was performed with the following primers
pair #409 (2359–2380) 5'-GGR AAR TGG AGR ATG TTA ATA G-3' and
#410 amplifying a 353 bp fragment encompassing the RT region of
the pol gene. Genomic DNAs from PBMC of kids and cDNAs, which
were reverse transcribed from CSC viral RNAs from mothers, were
used in semi-nested PCRs to amplify a 607 bp fragment encompassing
the C-terminal part of surface (SU4–SU5 or V4–V5) and N-terminal part
of transmembrane (TM) proteins of the env gene (7482–8089 bp of
CAEV-CO, M33677) with the following primers #563, #564 and #567.
The primers and PCR conditions used were described previously
(Mordasini et al., 2006). To avoid template resampling (Liu et al.,
1996), we performed limiting-dilution PCRs.
PCR amplicons were separated on 2% agarose gels, and bands of the
expected sizes were excised. These fragments were puriﬁed with
Perfectprep Gel Cleanup kit (Eppendorf, Milan, Italy) and were
subsequently cloned with the TOPO TA cloning kit (pCR 4-TOPO Vector;
Invitrogen, Italy) according to the manufacturer's protocol. Fifty to 100
colonies were picked and grown overnight at 37 °C in LB medium
(1%Bacto Tryptone, 0.5% yeast extract, 1%NaCl)with 50 μg/ml ampicillin
(SERVA GmbH, Heidelberg, Germany). Minipreps were prepared with
the Wizard Plus Kit (Promega Italia, Milan, Italy) according to the
manufacturer's instructions.
Sequencing and sequence analysis
Sequencing reactions were performed by BMR Genomics (Padova,
Italy) on an ABI377 sequencer by using the ABI PRISM dye-terminator
cycle sequencing ready reaction kit with Amplitaq DNA polymerase
(Perkin-Elmer, Applied Biosystems). The sequences obtained were
edited and analyzed with the following software: BioEdit (biblio),
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Pairwise genetic distances were calculated by using MEGA version
2.1 (Kumar et al., 2001) with the Tamura–Nei substitution model,
applying the default setting, with the exception that all sites with
ambiguous codes and gaps were ignored. Among the viral populations
expressed in the CSC, the sequences were deﬁned transmitted
genotypes if a particular region of the env gene (bp 7572–7712; aa
521–567 referring to the CAEV-CO strain, Saltarelli et al., 1990)
encompassing a hypervariable region (HV2; Hötzel et al., 2002)
involved in type-speciﬁc neutralization of SRLV (Skraban et al., 1999)
was identical to the sequences found in the kids or differed by no
more than two aminoacid from the kid sequences. The distribution of
SRLV subgroups B1 and A10 genotypes in goat colostrum was tested
with the non-parametric Mann–Whitney U test, and the efﬁciency of
transmission of genotype B1 or A10 from mother to kids was tested
with the Fisher's Exact test.
The net charge value of this hypervariable region in sequences
isolated from mothers and kids was calculated by subtracting the
number of the negatively charged amino acids [aspartic acid (D) and
glutamic acid (E)] from the number of positively charged amino acids
[arginine (R) and lysine (K)]. The positive charges (mean±standard
deviation) of the transmitted and not transmitted viruses were
compared by the Wilcoxon rank-sum test.
The number of potential N-linked glycosylation sites (N-glycosite
tool, Zhang et al., 2004) in the V4 region of SU protein coding gene
(between 491aa and 562aa positions, numbered according to the
amino acid sequence of the CAEV-CO strain) were compared between
transmitted and not transmitted genotypes by the Spearman's rank
correlation coefﬁcient test.
A P value of b0.01 was considered signiﬁcant. All statistical analyses
were performed with the SPSS18.0 software.
Phylogenetic analysis
For identiﬁcation of the SRLV group for each goat involved in this
study, a phylogenetic tree was constructed using representative
sequences of the pol gene belonging to SRLV group B (B1 and B2),
group A (A1–A7) and group C and PBMC sequences obtained from each
goat involved in this study. The phylogenetic tree was constructed using
the Neighbour-Joining (NJ) method implemented in MEGA with the
Tamura–Nei gamma distance (Tamura and Nei, 1993). The statistical
conﬁdenceof the topologieswas assessedwith1000bootstrap replicates
(Felsenstein, 1985). To study the transmission of selected viral variants
phylogenetic trees were constructed for each family group using the
Neighbour-Joining (NJ) method implemented in MEGA with the
Tamura–Nei gamma distance (Tamura and Nei, 1993). The statistical
conﬁdenceof the topologieswas assessedwith1000bootstrap replicates
(Felsenstein, 1985). The shape parameter alpha for a discrete gamma
distribution of substitution rates and the transition/transversion rate
ratio parameter kappa were estimated simultaneously by maximum
likelihood using Yang's BASEML program implemented in the PAML
(Phylogenetic Analysis by Maximum Likelihood) program package
(Yang, 1996).
Preparation of plasmid standards
The DNA standardwas obtained by cloning the 607 bp PCR products
from the SRLV env gene, obtained from representative viral clones of
each goat and each phylogenetic cluster, into the pGEM-T Easy Vector
Systems (Promega Italia, Milan, Italy). The recombinant plasmid was
puriﬁed usingWizard Plus Kit (Promega Italia,Milan, Italy). The plasmid
DNA (pDNA) concentration was determined in triplicate by UV
spectrophotometrywithNanodrop. Themass of a single pDNAmolecule
was calculated using the formula 1 bp–660 g/mol and the 4880 bp size
of the recombinant plasmid.The pDNA-SRLV clones were also used for in vitro transcription
with T7 RNA polymerase in the sense direction in order to generate in
vitro transcribed RNA. For this, 1 μg of recombinant plasmid was
linearized by digestion with SpeI enzyme (New England Biolabs,
Celbio Spa, Milan, Italy) in a 20 μl reaction volume following the
manufacturer's protocol. The linearized DNA was then puriﬁed using
the QIAquick PCR puriﬁcation kit (Qiagen, Milan, Italy) and was
recovered in 30 μl of elution buffer. In vitro transcription was carried
out with the RiboProbe Transcription System (Promega Italia, Milan,
Italy) in a 20-μl volume using 500 ng of linearized plasmid DNA, 1× T7
RNA polymerase buffer, 2 μl of 100 mM DTT, 4 μl of 2.5 mM NTPs and
20 units of T7 RNA polymerase. The reaction was incubated for 1 h at
37 °C. RNA puriﬁcation was carried out using RNeasy kit (Qiagen,
Milan, Italy) and was eluted in 30 μl of nuclease-free water. The
nucleic acid concentration was determined by Nanodrop spectropho-
tometry. DNase treatment was done using 1 unit of RQ1 RNase-free
DNase I (1 U/μl) (Promega Italia, Milan, Italy) per μg of RNA following
the manufacturer's protocol. This treatment was performed twice to
ensure complete elimination of any residual plasmid DNA (which
could potentially yield a positive result in two-step RT-PCR even in the
absence of RT). RNAwas cleaned up using an RNeasymini kit (Qiagen,
Milan, Italy) and eluted in 30 μl of nuclease-free water and the
concentration was again determined by Nanodrop spectrophotome-
try. The SRLV fragments in vitro transcribed RNA were analyzed using
a native 1% agarose gel to check the integrity of the RNA before use.
The copy number of the in vitro transcribed RNA permicroliter was
calculated as described by Fronhoffs et al. (2002). cDNA synthesis was
carried out using 1 μg of each in vitro transcribed RNA using
SuperScript III RNase H-free RT (Invitrogen, Milan, Italy).
Viral and proviral load quantitation
SRLVviral andproviral load ingoat colostrumandproviral load inkid
blood samples were quantiﬁed using SYBR Green PCR Master Mix
(Applied BioSystems, Warrington, UK) with 1 μg of cDNA and DNA for
CSC andPBMCsamples or 5 μl of cDNA fromwhey samples. Quantitative
real-timePCRwasperformedusing theDNAEngineOpticon 2Real Time
System (MJ Research, BioRad, Italy). The temperature program
consisted of an initial denaturation step at 95 °C for 10 min to activate
the hot start polymerase followed by 45 cycles of 95 °C for 15 s, 62 °C for
30 s, and72 °C for 45 s. The primers (200pmol each)used to amplify the
viral RNA and proviral DNA are shown in Table 1. Speciﬁc primers were
chosen based on consensus sequences belonging to the different viral
clusters that infected dams and kids: primer pairs CAEVf/r and MVVf/r
were designed for goats #012, #978, #955, #1010, #1012 (except for
the forward primer CAEV1012f speciﬁcally designed for this goat), and
their correspondingkids inorder to quantify relative amounts of the two
co-infectingviruses; primer pairs 988If/r and 988IIf/rweredesigned for
goat#988andher correspondingkids (#36and#37) inorder to amplify
the two co-infecting virus belonging to cluster A10 and A10II.
For generation of the standard curves, 10-fold serial dilutions of the
DNA and in vitro transcribed RNA standards were run in triplicates. In
order to use standard curves to calculate the SRLV genome copies, DNA
and in vitro transcribed RNA standardswere run alongside the unknown
samples. All samples were analyzed at least three times in duplicate. To
conﬁrm the speciﬁcity of each PCRproduct, amelting curve analysiswas
carried out immediately after the ampliﬁcation phase of each PCR from
55 to 95 °C in 0.1 °C/s increments and the size of each product was
veriﬁed by 2% agarose gel electrophoresis.
For calculating viral and proviral genome copy numbers/μg in CSC
and PBMC or viral genome copy numbers/ml in whey, the Ct values
were used to generate a standard curve plot of cycle number (Y-axis)
versus concentration (X-axis). The quality of standard curves was
judged by the slope of the standard curve and the correlation coefﬁcient
(r). The slope of the linewas used to estimate the efﬁciency of the target
ampliﬁcation using the equation E=(10−1/slope)−1. The proviral and
99G. Pisoni et al. / Virology 407 (2010) 91–99viral loads in PBMC, CSC andwhey between the two SRLV groups B1 and
A10 were analyzed with the non-parametric Mann–Whitney U test.
Nucleotide sequence accession number
All new sequences were deposited in the GenBank database and
are available under accession number HM449450 to HM449683.
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